Titanium (Ti) implants are extensively used in a number of biomedical and dental applications.
INTRODUCTION
The use of titanium (Ti) and its alloys in the field of biomaterials has increased recently due to a number of desirable properties. It has been used for fabrication of bone-anchored metal implants in orthopedic reconstruction, oral-maxillofacial [1] , dentistry (crowns, bridges and partial dentures) [2] and as ossicular implants [3, 4] due to a number of attributes including high mechanical strength, corrosion resistance and excellent biocompatibility compared to other base metals [5, 6] .
The biocompatibility of Ti is attributed to the formation of an oxide layer in contact with biological tissues [6] . This protective layer in bone can grow in thickness and facilitate ion exchange, however, the low rate of dissolution and the chemical inertness of Ti dissolution products allow bone to thrive and osteointegrate with Ti [7] . Studies by Takadama et al has found
that Ti can be highly bioactive by being soaked in NaOH and heat treated. This resulted in the bonding and integration of Ti with living bone by the formation of a bonelike apatite layer on its surface [8] . This interaction is induced by functional groups such as Ti-OH which introduces a negative surface charge thus inducing apatite formation [9] . The described properties suggest that
Ti based implants are beneficial in both medical and dental procedures such as hip arthroplasty and as dental roots [8] .
This work sees the addition of Ti to the glass phase of a Ca-Sr-Zn-Si based glass polyalkenoate cement (GPC) with the intended application being vertebral stabilization/restoration. Ti was added initially due to its excellent biocompatibility, however it has also been described as having a structural role in a glass as a network intermediate, where it can act as either a network former or modifier [10] . Preliminary studies on these Ti-based glasses included up to 0.20 mol% addition of Ti, however it was found that by increasing the concentration of Ti, the ratio of Non-Bridging Oxygen to Bridging Oxygen (NBO:BO) increased resulting in a highly disrupted glass network. This indicates that Ti has predominantly a network modifying role. For this work a series in the region of 0.05 mol% Ti was added as stable cements can be formed [11] .
Previous work on the Ca-Sr-Zn-Si GPCs has demonstrated the handling and mechanical properties of these cements [12] . This initial formulation was chosen as both zinc (Zn) and strontium (Sr) are known to have a number of benefits in vivo. Both Zn and Sr are known to have bone metabolic abilities [13] [14] [15] [16] while Zn is also known to be antibacterial in nature [17] [18] [19] and Sr will impart radiopacity to the material. The silica (Si) and calcium (Ca) in the glass perform a structural role while also imparting bioactivity while in the form of a cement. However one of the major drawbacks to the use of this cement is the restricted handling properties [12] as compared to some of the commercial GPCs [20] or PMMA [20] [21] [22] based bone cements. The handling properties, in this case the working time (T w ) and the setting time (T s ), are considered important characteristics in considering cements for implantation. Cements with extended T s can lead to septic complications which can lead to revision surgeries and considerable suffering to the patient [23] , and cements that set too quickly can compromise the cement structure, thereby reducing the mechanical strength. It has previously been discussed in the literature that the optimal T s for a bone cement is in the region of 5-8 min [24] .
This work sees the addition of Ti to this Ca-Sr-Zn-Si GPC in order to determine if any specific changes in handling or mechanical strength occurs. Raman Spectroscopy and FT-IR were also employed to investigate any structural changes in the glass, the set cement comparative to polyacrylic acid (PAA) and also any changes occurring over time.
MATERIALS & METHODS

Glass Synthesis
Four glass compositions were formulated for this study with the principal aim being to investigate the substitution of Si with Ti throughout the glass series. BT 101 was used as a control and cements denoted TW-X, TW-Y and TW-Z contain incremental concentrations of Ti at the expense of Silica (Si). Glasses were prepared by weighing out appropriate amounts of analytical grade reagents (Sigma-Aldrich, Dublin, Ireland) and ball milling (1 h). The mix was then oven dried (100ºC, 1 h) and fired (1500ºC, 1 h) in a platinum crucible and shock quenched into water. The resulting frit was dried, ground and sieved to retrieve a glass powder with a maximum particle size of 45μm. 
Glass Characterisation
Network connectivity (NC)
The network connectivity (NC) of the glasses was calculated with equation 1 using the molar compositions of the glass. Network connectivity calculations were performed assuming that Ti performs as a network former and also as a network modifier. 
Species
X-Ray Diffraction (XRD)
Diffraction patterns were collected using a Philips Xpert MPD Pro 3040/60 X-ray Diffraction Unit (Philips, Netherlands). Disc samples (32mm Ø x 3mm) were prepared by pressing a selected glass powder (<45μm) into a backing of ethyl cellulose (8 tonnes, 30s).
Samples were then placed on spring-back stainless steel holders with a 10mm mask and were analysed using Cu Kα radiation. A generator voltage of 40kV and a tube current of 35mA was employed. Diffractograms were collected in the range 5˚<2θ<80˚, at a scan step size 0.0083˚ and a step time of 10 s. Any crystalline phases present were identified using JCPDS (Joint Committee for Powder Diffraction Studies) standard diffraction patterns.
Cement Preparation
Cements were prepared by thoroughly mixing the glass powders (<45m) with E9 and E11 polyacrylic acid (PAA -Mw, 80,800 and 210,000, <90m, Advanced Healthcare Limited, Kent, UK) and distilled water on a glass plate. The cements were formulated in a P:L ratio of 2:1.5
with 50wt% additions of PAA, where 1g of glass powder was mixed with 0.37g E9 PAA and 0.37ml water. Complete mixing was undertaken within 20 seconds.
Working and Setting times
The setting times (T s ) of the cement series were tested in accordance with ISO9917 which specifies the standard for dental water based cements [25] . The working time (T w ) of the cements was measured in ambient air using a stopwatch, and was defined as the period of time from the start of mixing during which it was possible to manipulate the material without having an adverse effect on its properties.
Mechanical Properties
2.5.1Compressive Strength
The compressive strengths (σ c ) of the cements were evaluated in accordance with ISO9917 [25] . Cylindrical Samples were tested after 1, 7 and 30 days. Testing was undertaken on an Instron 4082 Universal Testing Machine (Instron Ltd., High Wycombe, Bucks, UK) using a 5
kN load cell at a crosshead speed of 1 mm/min -1 .
Biaxial Flexural Strength
The flexural strengths (σ f ) of the cements were evaluated by a method described by
Williams et al [26] . Cement discs were tested after 1, 7 and 30 days. Testing was undertaken on an
Instron 4082 Universal Testing Machine (Instron Ltd., High Wycombe, Bucks, UK) using a 1 kN load cell at a crosshead speed of 1 mm/min -1 .
Sample Preparation for Spectroscopy
For Raman Spectroscopy, both glass frit (section 2.1) and cement powder were used while cement powder only was required for FT-IR. Initially cement discs prepared as described in section 2.7, were immersed in de-ionised water for 24 h to remove any excess PAA. The cement discs were then dried in an oven at 37 o C for 1 h and ground to a <45µm powder. The cement powder was then desiccated for 6 h to remove any excess water.
Raman Spectroscopy
Raman spectra were collected on glass frit/cement powder samples using a DILOR XY Labram (Horiba Jobin Yvon Inc., NJ, USA) with a He-Ne 20mW laser (green source at 514.5nm) under a tension of 7.45 mA. A grating number of 1800 was used in association with a model BX40.
Fourier Transform Infrared Spectroscopy
FT-IR spectra were obtained by the KBr disc method using a Perkin Elmer Spectrum 100
Series spectrometer (Perkin Elmer, Dublin, Ireland). Analysis was performed in the mid-infrared region (4000-400cmˉ¹) with a spectral resolution of 4cmˉ¹.
Statistical Analysis
One-way analysis of variance (ANOVA) was employed to compare the handling and mechanical properties of the Ti cements to the control BT 101 cement and where relevant, any changes occurring with respect to maturation. Comparison of relevant means was performed using the post hoc Bonferroni test. Differences between groups was deemed significant when p ≤ 0.05. Statistical analysis was performed using SPSS software for windows version 16 (SPSS Inc.
Chicago, IL).
RESULTS AND DISCUSSION
The primary objective of this study was to incorporate Ti into a Ca-Sr-Zn-Si GPC. This was accomplished due to the numerous publications citing the biocompatibility of Ti in the body.
Previous work on the glass phase of this series found that additions in excess of 0.20mol% TiO 2 resulted in crystallinity, and glasses with TiO 2 content between 0.05 and 0.20mol% did not form cements due to the highly disrupted network [11] . Characterization of the glass phase of this cement series was carried out using X-ray Diffraction (XRD), Differential Thermal Analysis vertebroplastic bone cements as suggested by Heini et al [24] .
The compressive strengths (σ c ) of each of the cements was statistically tested with respect to maturation and also compared to the control cement, BT 101. Figure 3 shows the σ c of cements formulated with both E9 and E11 PAA. In relation to maturation and cements produced with E9 PAA ( figure 3a) , BT having an effect on cement strength when compared to the control; however it can also be observed that little change is occurring with respect to time. In comparing the σ c of commercial materials of similar chemistry, GPCs such as Fuji IX have a σ c of 211 MPa [20] . The σ c of the experimental cements under evaluation here are considerably lower. This may be attributed primarily to the structure of the glass used. Commercial GPCs contains alumininum (Al 3+ ) which provides an important structural role where it depolymerizes the silicate network facilitating acid degradability, while also forming Al-PAA complexes during setting, which results in higher mechanical strength [27] . Additives such a tartaric acid can slow the setting rate [28] , which possibly also contributes to matured setting and increased mechanical strength. In order to determine how the handling (T w and T s ) and mechanical properties (σ c and σ f ) increased with TiO 2 addition, Raman and FT-IR Spectroscopy were employed. Raman
Spectroscopy was initially used to determine changes in the glass structure that will subsequently affect the setting and mechanical strength. Secondly it was used to determine any changes in the set cement comparative to PAA. Figure 5 shows the Raman spectra for the control glass BT 101 and the glasses used to make the Ti cements. Raman spectra for BT 101 agrees with N.C calculations where predominantly Q 1 /Q 2 structures are present, identified by the main peak occurring at 980cm -1 with a shoulder appearing at 880cm -1 which relate to the symmetrical stretching motion of Si-NBO bonds in Q 2 and Q 1 tetrahedra, respectively. Since the main band envelope extends up to 1100cm -1 , Q 3 units may also be present as they lie around 1100cm -1 and a minor fraction of Q 0 species can be also be considered as suggests the low wavenumber region of the same band [29] . It is evident that as the TiO 2 concentration in these glasses increases, there is an overall shift of the Raman spectra to lower wavenumbers in addition to a decrease in the count rate recorded within the regions associated with Q 1 and Q 2 silicate units. This decrease becomes significant only for glasses TW-X and TW-Y, however it is less obvious for glass TW-X which comprises the lowest Ti substitution rate in this series. This is also reflected by the changes occurring between BT101
and TW-X in T w , σ c and σ f which were found to be less significant than for the remaining glasses. and Q 0 units, respectively [29] . The main peak present in TW-Z at 867cm -1 indicates a complete shift from Q 1 /Q 2 (BT101) to predominantly Q 1 /Q 0 (TW-Z) silicate structures. The addition of TiO 2 therefore results in depolymerization of the silicate network, which will result in greater cationic activity during the setting reaction particularly with TW-Z compared to BT 101.
Further Raman studies were conducted on the set cements to determine how these ions interact with PAA when set. Figure 6 shows the Raman spectra of E11 PAA, BT 101 and TW-Z cements. [32] and subsequently forming ionic crossbridges with COO -groups from the PAA chain [33] [34] [35] . Figure 6a shows the Raman Spectra of E11 PAA and its associated peaks. Previous studies by Dong et al has identified the major peaks associated with PAA [36] and are listed in table 2. As did Young et al in their study of GPC setting which in addition, also determined the salts of Na-PAA, Ca-PAA and Al-PAA [37] . The Raman spectra for PAA (figure 6a) contains relatively broad peaks which are typical of these polymers; the PAA spectrum in this study closely resembles PAA spectra from previous work (table 2 ) [36, 37] .
It is initially evident that upon neutralization the peak at 1674cm -1 (C=O) in the spectrum of pure PAA is absent from both BT 101 and TW-Z. Peaks found at 1588cm -1 (weak for COO) and at 1457cm -1 (strong for CH 2 ) in the spectrum of the TW-Z glass agree well with the literature [37] for Ca-PAA salts (table 2) , meanwhile the intensity of the CH 2 peak was found to be lower in BT 101 while the 1588cm -1 peak for COO could not be extracted. Peaks present around 1460, 1300
and 1100cm -1 are primarily due to the polymer backbone, and these are clearly evident in the Raman spectrum of the reacted TW-Z glass at 1457, 1329 and 1102cm -1 . This is in agreement with previous studies which state that these peaks remain clearly identifiable upon neutralization and therefore demonstrates that glass particles dissolution occurred on a larger scale for this glass [37] .
Raman Spectroscopy of the non-reacted glasses showed that increasing TiO 2 content depolymerizes the silicate glass network resulting in a higher concentration of Si-NBO bonds which enhance the acid degradability of the glass. In the set cement it can be seen that Ca plays the primary role in forming crosslinks during setting, and that the degree of crosslinking in BT 101 is limited. However, the information available on Raman spectroscopy applied to GPC are limited to Ca-PAA so that the occurrence of Sr-PAA cannot be confirmed unequivocally.
Meanwhile, similarities in the structural role taken by these cations and their close atomic characteristics avail the idea that Sr-PAA could occur in the cement structure along with Ca-PAA [38] .
Further studies were performed by FT-IR in order to identify any additional bonding mechanisms and also to determine if any changes in the cements structure occurs with respect to maturation. Figure 7 shows a comparison of 1 and 30 days for both BT 101 and TW-Z cements. In relation to the cements under investigation here, COO -Ca 2+ and COO -Sr 2+ bridges were identified at 1415cm -1 [35] and within the range 1460-1490cm -1 [35] , respectively, which agrees with previous work by Tomlinson et al [35] . Also in the region of 1540-1630cm [39] , indicating that in this case both Ca 2+ and Sr 2+ are the prominent crosslinking ions during the setting reaction. Previous studies by Nicholson et al reported Ca-PAA complexes in the region of 1550cm -1 when studying the effect of (+)-tartaric acid on GPCs [28] , and earlier studies by Crisp et al also found Ca-PAA complexes in the region of 1560cm -1 [40] . It is also evident that there is no shift in wavenumber over time suggesting that the cements have a final set within 24 hours, which agrees with mechanical properties. Also little change was seen with the addition of TiO 2 however a slight variation was observed in the region 1000-1100cm -1 which is attributed to differences in Si-O-Si and Si-NBO groups and the formation of Si-OH vibration modes [34, 35, 39] . FT-IR was able, in this case, to distinguish the primary salt forming ions, and that little changes were occurring with respect to time.
It is likely in these cements that Ti is slowing the acid-base setting reaction by either adjusting the pH at setting or by reducing the availability of Zn within the glass. It likely does this by charge compensation with Zn, as Ti requires neutralization when in an electrically unstable environment. The reduced Zn content facilitates longer T w and T s and promotes increased mechanical strength by permitting the formation of matured Ca (and Sr)-PAA complexes. Regarding this study, Raman Spectroscopy determined that a higher degree of particle dissolution and ion integration occurs as the Ti concentration increases in the glass series, and also that crosslinking within the set cement occurs by the formation of Ca-PAA complexes. FT-IR supports this, with the additional identification of Sr-PAA complexes, and also that the maturation of these cements is completed within 24 hours which is reflected in the mechanical properties.
